The synthesis of hosts with improved binding affinities for nitroaromatic guests is described. Association constants for several host-guest complexes were measured in chloroform solution and ranged over three orders of magnitude. Two hosts were covalently linked to silica gel to produce chemically bonded stationary phases for HPLC. The use of these phases for HPLC analysis of nitro-substituted polycyclic aromatic hydrocarbons is discussed.
Nitro-substituted polycyclic aromatic hydrocarbons (nitro-PAH) have received increased attention recently as an important class of environmental pollutants (for review, see refs. 1 and 2). Nitro-PAH are produced either in combustion processes or by the reaction of PAH and nitrogen oxides in the atmosphere. They have been detected in a wide variety of sources, including automobile exhaust fumes, wood and cigarette smoke, kerosene heaters, coal-burning plant emissions, and grilled chicken (2) ; in the atmosphere nitro-PAH are bound to particulate matter. Nitro-PAH exhibit an array of biological activities including extreme mutagenicity (for review, see ref.
2). Indeed, 1,3-, 1,6-, and 1,8-dinitropyrene are three of the most potent directly acting mutagens in the Salmonella typhimurium TA98 test system (2-4). Nitro-PAH are known to bind cellular DNA in bacterial and mammalian cells and can induce DNA-strand breaks (5) . The dinitropyrenes were shown to be carcinogenic toward rats, mice, and hamsters, and long-term studies showed other nitro-PAHs to be tumorigenic (2) . Although epidemiological data show a link between human cancers and exposure to diesel engine exhaust, indoor kerosene heaters, and other sources of nitro-PAH (2), whether nitro-PAH cause human cancers has not been established. Nonetheless, nitro-PAH clearly represent a potential threat to human health.
Improved procedures for detecting and analyzing nitro-PAH are required (6, 7) . In this regard, it would be particularly desirable to develop an agent that would complex nitro-PAH guests with high affinity and selectivity but without regard to their exact molecular structure. The use of synthetic "host" molecules that complex nitro-PAH offers an appealing approach to nitro-PAH analysis because the host properties (binding affinity, optical signal, etc.) can be easily modified to suit the specific method. We have reported progress toward synthetic hosts (e.g., compound 4) that bind polynitroaromatic guests tightly in nr-sandwich complexes through electron donor-acceptor forces (8) (9) (10) . High affinities for 2,4,5,7-tetranitro-9-fluorenone, a particularly electron-deficient guest, were obtained when the acridine rings in 4 carried two electron-releasing methoxy groups (9) . However, the introduction of methoxy groups lengthened the synthesis and greatly reduced the solubility of the host. Here Abbreviations: PAH, polycyclic aromatic hydrocarbons; mp, melting point; CBSP, chemically bonded stationary phase.
*To whom reprint requests should be addressed. Compound 2a was prepared from p-anisaldehyde by using the procedure described for the preparation of la (9, 10) . Compound 3b was prepared from 3a, and 2b was prepared from 2a, by using the procedure described for the preparation of lb. With the procedure described for preparation of compound 7, compound lb was treated with the Grignard reagent derived from 9-bromo-lO-methylanthracene and 9-bromo-1-methoxyanthracene to form 8 and 9, respectively. Compounds 10 and 11 were prepared from 9-bromophenanthrene, and lb or 3b was prepared by using the procedure described for the preparation of 7. Compound 12 was prepared from 11 by using the procedure described for the preparation of 6. All synthesized compounds gave satisfactory elemental analysis or highresolution mass spectra and had spectral data fully consistent with the assigned structures.
2,12-Diiodo-7-phenyl-5,6,8,9-tetrahydrobenz[c,h]acridine (lb). To a solution of 1.02 g (1.97 mmol) of dibromide la in 100 ml of dry tetrahydofuran was added 3.95 ml (4.33 mmol) of 1-butyl lithium in hexane at -78°C, and the mixture was stirred for 0.5 hr. A mixture of 2.51 g (9.87 mmol) of iodine in 30 ml of dry tetrahydofuran was transferred to the above solution via cannula, and the solution was stirred for 2 hr. A solution of 2.5 g of sodium thiosulfate in 20 ml of water was added, and the mixture was stirred at room temperature for 0.5 hr. The mixture was extracted with methylene chloride, and the organic layer was dried over sodium sulfate. The solvent was removed under reduced pressure, and the residue was crystallized from ethyl acetate to afford 0.97 g (80%o)
of lb as white needles: mp 271-273°C; 1H NMR 5 8.81 (d, J1,3 = 1.5, 2H, H-1, H-13), 7 .64 (dd, J1,3 = 1.5, J3,4 = 7.7, 2H, H-3, H-11), 7.52-7.43 (m,3H, H-3', H4', H-5'), 7.18 (d,J2',3' = 8.0, 2H, H-2', H-6'), 6 2,12-Bis(9-anthracenyl)-7-phenyl-5,6,8,9-tetrahydrobenz-[c,hlacridine (7) . A mixture of 216 mg (0.83 mmol) of 9-bromoanthracene, an excess amount of magnesium chips, four drops of 1,2-dibromoethane, and a few iodine crystals in 30 ml of dry ether was heated at reflux for 1 hr. The resulting suspension was transferred to a mixture of 101 mg (0.17 mmol) of lb and 2.2 mg of nickel acetonyl acetate in 25 ml of dry benzene and 10 ml ofdry ether. The resulting mixture was refluxed for 24 hr. After cooling to room temperature, the solution was acidified with a 1 M aqueous solution of HCL. The mixture was extracted with chloroform, the organic layer was dried over sodium sulfate, and the solvent was removed under reduced pressure. The residue was purified by flash chromatography (20% methylene chloride/petroleum ether) to afford 76.2 mg (65%) of 7 as a white solid: mp > 300'C; 1H NMR 6 8 Jl-2-= J2n3 = 6.6, 2H, H-2"); 13C NMR 6 2,12-Bis(9-acridinyl)-7-p-(4-pentenyloxy)phenyl- 5,6,8,9- tetrahydrodibenz[c,hjacridine (5) . To a solution of 400 mg (0.67 mmol) of 3a in 50 ml of tetrahydrofuran at -78°C was added a solution of 1.2 ml (1.80 mmol) of 1-butyl lithium in hexane. The reaction was stirred at -78°C for 10 min, and a solution of 453 mg (1.6 mmol) of N-methoxyethoxylmethyl-9-acridone (11) in 40 ml of tetrahydrofuran was added. The solution was stirred for 0.5 hr and quenched with 1 ml of a saturated aqueous solution of ammonium chloride. The tetrahydrofuran was evaporated under reduced pressure, and the resulting mixture was diluted with 100 ml of water and washed with methylene chloride. The organic layer was washed with a saturated solution of sodium bicarbonate and dried over sodium sulfate. The solvent was removed under reduced pressure, and the resulting residue was heated in 25 ml of 2 M aqueous solution of HCI/ethanol, 1:1 for 5 hr. After cooling to room temperature, the solution was neutralized with a 2 M aqueous solution of NaOH. 2,12-Bisacridin-9-yl-7-p-(5-dimethylethoxysilylpentyl)phenyl-5,6,8,9-tetrahydrodibenz[c,hlacridine (6) . To a stirred solution of 1.0 g (1.3 mmol) of 5 and 10 ml (90.0 mmol) of dimethylchlorosilane in 30 ml of methylene chloride under a dry nitrogen atmosphere was added a solution of 10 mg of hexachloroplatinic acid in 0.5 ml of 2-propanol. The reaction was heated to reflux for 9 hr. The methylene chloride and residual dimethylchlorosilane were distilled off. An additional 20 ml of methylene chloride was added and distilled off. The residue was dried in vacuo and dissolved in 20 ml of dry triethylamine and 20 ml of absolute ethanol. After being stirred for 12 hr, the solvent was removed at reduced pressure. The resulting solid was purified by flash chromatography (8% methanol/methylene chloride) to give 700 mg (62%) 
RESULTS AND DISCUSSION
The synthesis of host 4 began with dibromide la, for which synthesis has been reported (8) (9) (10) . Lithiation with 1-butyl lithium, followed by reaction with N-methoxyethoxylmethyl-9-acridone (11) and treatment with acid, afforded 4 in 50%o yield. The solubility of 4 in organic solvents was too low to be useful, so a more soluble analogue was sought. Previously the pendant phenyl substituent in 1, which is remote from the binding cleft, was replaced by a 3,5-di-tert-butylphenyl substituent (10) . At the same time an effort was made to functionalize the host in a manner that would facilitate the ultimate goal of immobilizing the host molecules. The pendant phenyl substituent enters the synthesis of 1 as benzaldehyde. Use of 4-methoxybenzaldehyde afforded 2a, which was demethylated with 48% HBr in acetic acid (90% yield) and alkylated with 5-bromo-1-pentene to afford 3a in %% yield. Lithiation and reaction with N-methoxyethoxylmethyl-9-acridone afforded host 5, which was moderately soluble in halogenated solvents.
With the expectation that anthracene chromophores would bind nitro-PAH more tightly, attention was turned to host 7. Dibromide la was treated with 1-butyl lithium, and the dilithio-spacer was treated with iodine to afford diiodide lb in 80% yield. Coupling of lb with 9-anthrylmagnesium bromide by using nickel acetonylacetate catalysis produced host 7 in 65% yield. The generality of this synthetic approach is demonstrated by the identical coupling of lb with 10-methyl-9-anthrylmagnesium bromide and 10-methoxy-9-anthrylmagnesium bromide to form molecular tweezers 8 and 9 in 74% and 34% yields, respectively. Although the binding properties of 7 were investigated (vide infra), this compound exhibits a slow but steady decomposition in solution in the presence of air. The nature of this decomposition was not investigated but is consistent with the addition of two molecules of oxygen to form a bis-9,10-anthracene endoperoxide. The substituents in the 10 position ofthe anthracene rings in 8 and 9 appear to significantly retard the rate of its decomposition, although formation of the putative bisendoperoxide still occurs.
Due to the stability problems encountered with the anthracene chromophores, a phenanthrene-substituted host was sought. Toward this end, 2a was converted into diiodide 2b and then coupled with 9-phenanthrylmagnesium bromide to afford host 10 in 87% yield. The 1H NMR of host 10 showed no indication of the atropisomerism, suggesting that meso and d,J forms rapidly interconvert, although slow interconversion with isochronous resonances cannot be ruled out. Host 4 with substituents on the long axis showed atropisomerism as a result of slow rotation around the acridinedibenzacridine spacer bonds (10) . Rotation ofa phenanthrene in 10 involves steric contact with only one peri-hydrogen, whereas two peri-hydrogens are involved in rotating the acridine rings in 4. The phenanthrene-based hosts (e.g., 10) are indefinitely stable in the solid state and show no evidence of instability over prolonged periods in solution.
The binding of selected nitroaromatics by 5, 7, and 10 was studied by UV-visible spectroscopy in chloroform, and the complexation data are compiled in Table 1 . A charge-transfer band was observed for each host-guest complex, and its intensity was monitored as a function of guest concentration. The standard binding isotherms were analyzed by the nonlinear least-squares method (12) . The association constants (Kassoc) for the various host-guest complexes range over three orders of magnitude, from Kassoc = 18 M-1 for the meta-dinitrobenzene 10 complex to Kass, = 20,000 M-1 for the 2,4,5,7-tetranitro-9-fluorenone-7 complex; the latter is one of the largest association constants measured for an electron donor-acceptor complex (13, 14) . For comparison, complexation of 2,4,5,7-tetranitro-9-fluorenone by a single chromophore, 9-phenylanthracene, was quite weak with an association constant of only -3 M-1; this value was obtained from titration data up to -55% saturation with the FosterFyfe method (15) . Hosts 5, 7 , and 10 exhibit very high selectivity toward nitroaromatic guests, with no apparent affinity for unsubstituted aromatic guests in chloroform. 1, 1,3 ,5-tri-tert-butylbenzene; 2, naphthalene; 3, anthracene; 4, 2-nitrofluoren-9-one; 5, 1,3,5-trinitrobenzene; 6, 2,7-dinitrofluoren-9-one; 7, 2,4,7-trinitrofluoren-9-one; 8, 2,4,5,7-tetranitrofluoren-9-one.
A chemically bonded stationary phase [13, ] was generated from host 5. Thus, 5 was hydrosilylated with dimethylchlorosilane and hexachloroplatinic acid in methylene chloride and treated with ethanol to form 6 (16) . The monofunctional silane was covalently attached to HPLCgrade silica gel with standard methods (16) . Combustion analysis showed this "brush phase" (17, 18) to have 0.07 mmol of host per g of silica gel, which represents a relatively low loading. After slurry packing the modified silica into 4.6 mm x 250 mm stainless-steel tubing, the free silanol groups were capped by passing a solution ofhexamethyldisilazane in methylene chloride through the column. A similarly packed column was produced from 14 [(CBSP-phen)], a chemically bonded stationary phase derived from 12. Compound 12 was obtained by hydrosilylation of 11, which, in turn, was available in two steps from 3a. Thus, lithiation of 3a followed by treatment with iodine afforded diiodide 3b in 92% yield, and arylation with 9-phenanthrenylmagnesium bromide (vide infra) produced 11 in 75% yield. Combustion analysis ofCBSPphen (14) indicated a loading of 0.15 mmol of host per g of silica gel.
A typical chromatogram is shown in the Fig. 1 , and the results of several chromatographic runs are listed in Table 2 . Both CBSP-acr (13) and CBSP-phen (14) exhibit good peak shapes and show significant retention and excellent separation of nitroaromatic analytes. Two lines of evidence suggest that Table 2 . Capacity factors (k') and separation factors (a) for chromatography on CBSP-acr (13) and CBSP-phen (14) CBSP-acr (19, 20) . The data in Table  2 show CBSP-phen (14) to be significantly more effective than CBSP-acr (13) in retaining nitroaromatic analytes and in separating nitro-PAH from PAH. This improvement most likely results from the higher loading of 14 and the tighter binding observed in solution with the phenanthrene hosts. It is noteworthy that these analytes are retained so strongly in chloroform, an elution solvent that is moderately competitive for electron donor-acceptor interactions (13) . Thus, significant improvements in retention and separation can be expected from a change to a less polar elution solvent. Reported here is a rational approach to chemically bonded stationary phases for analyzing nitro-substituted aromatic compounds. The approach makes use of extensive synthetic work, which has resulted in convenient and readily scaled-up syntheses of hosts 4-12. Complexation studies done in chloroform solution showed that hosts 4, 7, and 10 complex nitroaromatic guests in chloroform. Although there is quite a range of host-guest stabilities, the hosts uniformly exhibit a high degree of selectivity toward aromatic guests with nitro substituents. The chemically bonded stationary phases 13 and 14 show significant retention of nitroaromatic analytes and have potential utility for analyzing nitro-PAH, an important class of environmental pollutants. Finally, from the perspective of host-guest chemistry, the correlation between capacity factors and association constants suggests the intriguing possibility of using these chemically bonded stationary phases to study the nature of the solution binding process.
